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ABSTRACT

The microsomal p e lle t obtained from the isolated mucosal ce lls  

of bladders of fresh water tu rtle s  contains a Na, K ATPase a c t iv ity ,  

detectable at 0°C as well as at 38°C.

Mg-dependent 3 2 p -la b e llin g  of the native and ouabain-treated  

protein by y - 3 2 p-ATP a t 0°C amounts to 0.29 and 0,19 mmicromoles 

P/mgm protein/50 sec, respectively. In the native p ro te in , addition  

o f Na+ increased th is  lab e llin g  by 158%; and addition of Na + K, 

decreased the lab e llin g  of the protein to the underlying Mg-dependent 

le v e l. In the ouabain-treated pro te in , addition of Na increased 

Mg-dependent lab e llin g  by 220%; but addition of Na + K resulted in 

no change in lab e llin g  which remained at the Mg + Na dependent le v e l. 

Mg-dependent ^ C -la b e llin g  of the native microsomal protein by ^C-ATP 

at 0°C amounts to 0.72 mmicromoles/mgm protein /50 sec; and addition of 

Na+ decreases the Mg-dependent lab e llin g  by 46%. The Na-induced decre­

ment in microsomal binding of ^C-ATP simultaneously with the Na-induced 

increment in binding of 3 2 p-ATP suggests the formation and breakdown of 

a sodium-sensitive E-ATP complex.

The catalyzed exchange reaction, ^C-ADP + ATP ^ - v  ^C-ATP + ADP, 

also found in the microsomal p e lle t ,  has an absolute requirement fo r  

Mg in the presence or absence o f Na and/or of Na + K. The rate of 

exchange is  reduced by Na and is  increased by Ouabain over a wide range 

of Mg leve ls . The sodium-induced decrement of exchange is  e lic ite d  in 

the presence and in the absence of Ouabain. In fa c t ,  sodium can e n tire ly  

abolish the exchange reaction in the native microsomal proteins. The 

rate  o f exchange in the presence or absence of sodium is independent of



the pH over a wide pH range. Whereas oligomycin in h ib its  hydrolysis 

without affecting  the exchange ra te , NEM in h ib its  both processes.

The nucleotide preference of the exchange rate with Mg alone was 

ATP > GTP > ITP > UTP > CTP; and with Mg + Na was ATP > CTP > ITP > 

UTP > GTP.
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CHAPTER I

INTRODUCTION

The mucosal epithelium of the isolated bladder of fresh water tu rtle s  

( Pseudemys s c rip ta ) ,  under in v itro  conditions, transports sodium, chloride, 

and bicarbonate ions against th e ir  respective electrochemical gradients 

("u p h ill transport") from the urine-side (mucosa) to the blood-side 

(serosa) (1 -5 ). Concomitantly, water is moved across the epithelium in  

the same d ire c tio n , but down its  gradient of chemical potential ("down­

h i l l  transport"). The process of moving ions against the electrochemical 

potential gradient requires a source of metabolic energy and is generally  

referred to as "active transport."

Active transport of various ions, p a rtic u la rly  sodium, occurs across 

single ce ll membranes in some instances (e .g . erythrocytes, muscle, nerve, 

and axone); and across an en tire  ce ll width including both ce ll membranes 

in  other instances (e .g . frog sk in , toad bladder, tu r t le  bladder, renal 

tubule, sa livary  and sweat glands, g astro -in testin a l epithelium , e tc .) .

The active transport of sodium across a single membrane, called "trans­

membrane transport," is concerned with volume regu lation, with trans­

mission of e x c ita tio n , but not with net movement of the salts or water 

in the steady sta te . On the other hand, active transport of sodium across 

a c e ll ,  or " tran sc e llu la r transport" is  concerned with absorption or secre­

tion  with the net movement of large amounts of s a lts , water and other 

m aterials in the steady sta te . T ranscellu lar processes involve two 

membranes bounded by three f lu id  phases, while transmembrane processes 

involve one membrane bounded by two f lu id  phases.

The present study is concerned mainly with some biochemical aspects
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of the process o f active transport of the sodium ion across the tu r t le  

bladder— a process which has been well described in  terms of e lec tro - 

physiological and transport parameters (1 -5 ) , but not in terms of 

biochemical parameters. Whereas biochemical studies involve procedures 

which destroy the c e l l ,  a large body of recent work in ATPase a c tiv ity  

has provided additional insight in to  the nature o f sodium transport in  

several systems. In p a rtic u la r , the Na + K-stimulated moiety o f ATPase 

has been found in  a wide varie ty  o f sodium-transporting tissues ( 6 - 1 0 ). 

Accordingly, the present study was focused on the cation-sensitive ATPase 

a c tiv ity  in  the microsomal (or membrane) frac tion  of the mucosal e p ith e lia l 

ce lls  of the tu r t le  bladder.

Biochemical studies of membrane fragments are designed to determine 

the io n -s p e c ific ity  of the membrane bound prote in , the c a rr ie r  function 

which mediates translocation of the transportable ion, and the mechanism 

fo r delivery o f free energy in to  the io n -c a rrie r complex. Although the 

molecular nature of io n -s p e c ific ity  and of the c a rr ie r  operation in 

membranes remains unknown, much useful information o f an in d ire c t nature 

has been obtained in recent years.

In many c e lls , active sodium transport apparently depends s p e c ific a lly  

on ATP as a source of energy (11-15). Skou (16) f i r s t  suggested a possible 

lin k  between (Na + K)dependent ATPase and transport in crab nerve. Subse­

quently, Post (17) and others (18) found that the kinetic  pattern of 

(Na + K) dependent ATPase a c t iv ity  o f microsomes versus sodium was simi­

la r  to that o f Na transport versus in ternal sodium concentration in red 

ce ll ghosts. The hydrolysis of ATP and Na transport in red blood cells  

both require K in external medium and Na w ithin the c e ll.  Moreover,



Hoffman (11) has shown that ATP (and not other nucleotides) on the inner 

surface would in i t ia te  Na transport out o f erythrocyte ghosts incubated 

without other substrates. Cardioactive steroids (e .g . ouabain) are 

e ffe c tiv e  inh ib itors in the external medium (17, 19) in erythrocytes; 

or analogously, in the f lu id  phase toward which Na is  transported in other 

tissues ( 6 , 14, 2 0 ).

The (Na + K) dependent ATPase ts closely associated with ce ll mem­

brane fragments. These fragments, defined operationally as the sediment 

obtained a fte r  centrifugation a t 65,000 g, are ca lled  "microsomal" frac ­

tions (14 ,16 ). Several attempts, using histochemical means, have been 

made to locate Na + K ATPase in portions of sarcoplasmic reticulum , but 

such data have been co n flic tin g  ( 2 1 , 2 2 ) due to the in h ib ito ry  e ffec ts  of 

heavy metals (23) and tissue fix a tiv e s  (24, 25),

The microsomal frac tion  isolated from the mucosal cells o f the tu r t le  

bladder, a known sodium transporting system (1 , 2 ) , possesses a (Na + K) 

stim ulated, ouabain inhib ited  ATPase a c tiv ity  (1 , 2 ) ,  satisfy ing  f iv e  out 

of eight c r ite r ia  o f Skou (14) fo r  id e n tific a tio n  and iso lation  o f a 

transport system. The fiv e  c r ite r ia  are: a) the enzyme has been found in

a system which transport sodium; b) the enzyme a c t iv ity  detected in bladder 

cells does catalyze the hydrolysis of ATP, which is  th e o re tic a lly  capable 

of transferring  the free energy o f hydrolysis in to th at needed fo r  cationic  

transport; c) there is  a para lle l in h ib ito ry  e ffe c t o f cardiac glycosides 

on the a c tiv ity  of the isolated enzyme extract and on the sodium transport 

in the in tac t c e ll;  d) the pattern o f increasing ATPase a c tiv ity  versus 

the concentration of Na + K in the microsomes resembles q u a lita tiv e ly  the 

pattern of increasing sodium transport versus the concentration of mucosal 

sodium in the in tac t bladder; and e) the Na + K ATPase is located in  the



microsomal frac tion  of mucosal ce lls  (14).

Attempts at fu rth er physical or chemical fractionation  of the micro­

somal proteins have resulted in in activation  rather than p u rifica tio n  

of the enzyme. The inactivation  during p u rifica tio n  has been ascribed 

in part to the removal of phospholipids which are apparently required 

fo r  the structural in te g rity  o f the enzyme. The molecular weight o f the 

enzyme protein , estimated from data on sedimentation a f te r  so lu b iliza tio n  

with d iffe re n t detergents, and from data on radiation in ac tiv a tio n ,

varies from 670,000 to 250,000 (26-29). For the (Na + K) dependent ATPase,

magnesium and sodium ions are absolutely required. In fa c t , Mg is  needed 

not only fo r activation  of the enzyme, but as part of the substrate, which 

has been shown to be Mg-ATP (30). The requirement fo r  potassium ions can 

be s a tis fied  p a r t ia lly  with ions o f lesser stim ulative a c tiv ity  (e^.£.,

NhJ > Rb+ > Cg > L+). Maximal a c t iv ity  generally occurs at physiological 

levels of pH (7 .3 ) and ionic strength (3 mM ATP, 3 mM Mg, 50-100 mM Na 

and 10-20 mM K). D ivalent cations other than Mg, Ca and Cu, have in h ib ito ry  

effects  on ATPase a c tiv ity  ( 6 , 14).

I t  has been suggested that the enzyme-stimulating ions (Na, K, Mg)

act as effectors to modify the enzyme a c tiv ity  (31, 32 ). Homotropic or 

heterotropic effects  may be the kind o f modification produced by the 

aforementioned ions. Two or more s ites  on the enzyme fo r  each of the 

effe c to rs , Na and K, have been postulated ( 6 , 31-33). This m u lti-s ite  

postulate is consistent with data on the “sodium transport" e ffic ien cy  

of about 2-3 Na transported per mole of ATP hydrolyzed in several tissues 

(34).

The ATPase-catalyzed hydrolysis o f ATP (ATP + H20 — s*ADP + P^), lik e  

any catalyzed reaction , involves the formation of one or more intermediary



complexes with the enzyme before the formation of the f in a l reaction pro­

ducts. One of the intermediary reactions, in  many ce ll types, is  the 

formation of a phosphorylated intermediate which has properties of a high 

energy phosphate complex, and which is usually detected as the 3 2 o-labelled  

acid-stab le protein a fte r  incubation of the microsomes at 0°C with 

■y_32p_-|abelled ATP (35). The sodium s e n s itiv ity  of the phosphorylation 

( 6 , 14, 36, 37 ), and the potassium and ouabain-sensitiv ity  o f the dephos­

phorylation (6 , 14, 38, 39) have been considered relevant to the sodium 

transport mechanism. Of fu rth e r relevance, was the finding o f sodium- 

s e n s itiv ity  in the exchange reaction between ATP and ADP--an enzymatically 

catalyzed exchange occurring concomitantly with the same microsomal pro­

teins as those catalyzing overall hydrolysis, phosphorylation and dephos­

phorylation ( 6 , 14, 40).

The available evidence on the f i r s t  step in the overall hydrolysis 

implies that the ADP moiety of the ATP molecule is cleaved from the 

Y-phosphate simultaneously with the bonding of the y-phosphate to the 

protein . However, the f i r s t  intermediary complex formed should be 

that between the enzyme and ATP, but th is has not yet been demonstrated 

d ire c tly .

The purpose o f the present work was to characterize certa in  in te r ­

mediate steps in  the ATPase-catalyzed hydrolysis of ATP, with the u l t i ­

mate aim of co rre la ting  such steps with the physiological properties of 

the sodium transport mechanism in  the in ta c t tu r t le  bladder. Details  

studied included: the rate and cation-dependency of abel1 ing and

of 1 4 C-labell ing o f microsomal proteins which had been incubated with 

Y-32p-ATP and with ^4 C-ATP respectively; chromatographic measurement



of the ra te  and cation dependency of the conversion of ^C-ADP to ^C-ATP 

(exchange ra te ) in the presence o f the microsomal proteins via the reaction,

14 c _adp  +  ATP 14c _ATp + ADPj

14wherein the y-phosphate of ATP is transferred to C-ADP in a transphos­

phorylation step. The effects of certa in  in h ib ito rs  ( i . e . ,  ouabain and 

NEM); and the nucleotide s p e c ific ity  of the protein binding process 

and of the exchange rate were studied.

An integrated model is presented in an attempt to understand the 

en tire  ATPase system involving intermediate complex formation, exchange 

reaction and hydrolysis.

The mounting evidence herein and elsewhere fo r a va rie ty  of tissues 

points to the claim that one of the chemical mediators of sodium transport 

(e .g . the translocator or the metabolic energy converter) may be an enzyme 

which can function as an ATPase.
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CHAPTER I I

Methods

A. M aterials

ATP, GTP, UTP, ITP, CTP and ADP as T r is -s a lts ; disodium ATP, ouabain,

NEM (N-Ethyl maleimide), oligomycin, pyruvate kinase, la c tic  dehydro­

genase, phosphoenolpyruvate, L -h is tid in e  HC1, and imidazole grade I  were 

obtained from Sigma Chemical Co., S t. Louis, Mo. Gamma-labelled ^ p - A T P t 

8 -^C-ADP as the ammonium s a lts , 8 -^C -A TP , as the sodium s a lt ,  and
09

Pj in 0.02 N HC1 were obtained from ICN (In terna tio na l Chemical and 

Nuclear Corporation, C a lifo rn ia ).

B. Iso lations of Microsomal Fraction

The procedure used fo r  separating and iso la ting  mucosal ce lls  was 

th a t recommended by Solinger e t a l.  The necks o f the ten bladders, in 

the form o f closed sacs, were tie d  to the outlets o f Luer lock syringes 

and immersed in Ca-free Ringer solution containing bicarbonate, 17 mM 

and EDTA, 2mM. In some cases, choline Ringer, and in others, sodium 

Ringer solution was used. The complete chemical composition of both 

Ringer solutions has been described (1 ) .  The mucosal surface of each 

bladder was washed 3-4 times through the Luer lock syringe with Ringer solu­

tio n  obtained from the same stock as th a t in which the bladder was immersed. 

The sacs were then f i l l e d  with 15-25 ml. o f Ca-free Ringer with EDTA immersed, 

in 1000 ml. o f Ringer so lu tion , and incubated fo r 30-40 minutes a t room 

temperature (usually 25°C). During incubation, the external (serosal) 

bath was gassed with 99% 0^. Then the walls of the sacs were rubbed 

gently against one another fo r  2-3 minutes, a maneuver which released 

the e p ith e lia l c e lls  in to the mucosal f lu id .  The ce ll-conta in ing

9



mucosal f lu id  was removed from the sacs and subjected to the centrifuga­

tion procedure described by Fig. 1.

Fig. 1 is a modified flow sheet diagram of the procedure fo r obtain­

ing the various centrifugal fractions from isolated mucosal c e lls . Low 

temperatures ( 0 - 2 °) were maintained throughout the e n tire  procedure. 

Isolated mucosal c e lls , obtained by the EDTA treatment o f 10 bladders 

and suspended in  a to ta l volume of about 250 ml of Ringer so lution, 

were cooled and centrifuged a t 10,000 g fo r  15 minutes in the Spinco­

re frigera ted  u ltracen trifug e . The p e lle t o f packed c e lls  was then sus­

pended in 10-15 ml of 0.25 M sucrose, 1 mM EDTA, and 0.1% DOC, homo­

genized in a Dounce glass homogenizer, (a t th is  point an aliquot o f the 

crude ce ll homogenate was removed, d ilu ted and assayed fo r ATPase 

a c tiv ity  i f  desired), and the suspension was diluted to 90-100 ml using 

the sucrose-EDTA-DOC solution. This ce ll homogenate was centrifuged at 

10,000 g fo r 15 min. The resu lting  p e lle t was removed, re-homogenized, 

resuspended in  sucrose-EDTA-DOC solution, and centrifuged at 10,000 g 

fo r  15 minutes. The supernatants obtained from both o f the 10,000 g 

centrifugations were combined and centrifuged at 65,000 g for 60 minutes. 

The p e lle t so obtained was suspended in 10-15 ml o f 0.25 M sucrose, 1 mM 

EDTA, and 0.05% DOC, homogenized, and d ilu ted  in 90-100 ml of the sucrose- 

EDTA-0.05% DOC solution. The suspension was then centrifuged a t 65,000 g 

fo r  20 minutes. The resu lting  p e lle t was resuspended in sucrose, EDTA, 

and 0.05% DOC, homogenized, and centrifuged again at 20,000 g fo r  20 

minutes. The supernatants obtained from both of the 20,000 g c e n tr ifu ­

gations were combined, and centrifuged a t 65,000 g fo r  60 minutes.

The p e lle t obtained in the la s t  centrifugation (65,000 g fo r 60 minutes) 

was suspended in  15-20 ml o f 1 mM EDTA, stored at -10° and used as an



Isolated mucosal cells, 10 bladders 
suspended in 250 ml Ringer solution

10,000 x g x 15 min

1 Pellet: homogenize, suspend in 100 ml of
0.25 M sucrose, 1 mM EDTA, 0.1% DOC

10,000 x g x 15 min

v yDiscard
supernatant

7 “ ^Supernatant
Pellet: homogenize, suspend in 100 ml of
0.25 M sucrose, 1 mM EDTA, 0.1% DOC

10,000 x g x 15 min

| Pellet': homogenize, suspend in 20 ml of
1 mM EDTA

wSupernatant

65,000 x g x 60 min

I
Pellet: homogenize, suspend in 100 ml of
0.25 M sucrose, 1 mM EDTA, 0.05% DOC

20,000 x g x 20 min

7
Discard

supernatant

T
- . V  IPellet. homogenize, suspend in 100 ml of 

0.25 M sucrose, 1 mM EDTA, 0.05% DOC

20,000 x g x 20 min

vj/Supernatant

7

Pellet: homogenize, suspend in 20 ml of
1 mM EDTA

Supernatant

65,000 x g x 60 min

[Pellet: homogenize, suspend in 20 ml of
1 mM EDTA

Discard
supernatant

Fig. 1. Flow-sheet diagram of procedure used for obtaining centrifugal fractions 
from isolated mucosal cells.
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enzyme source fo r  a ll  the experiments reported here. In some cases, 

the pellets obtained at 1 0 , 0 0 0  g and 2 0 , 0 0 0  g, as well as a ll of the 

supernatants were examined fo r ATPase a c tiv ity .

C. Assay of ATP hydrolysis

The method used fo r  rapid spot checks of ATPase a c tiv ity  in  d iffe re n t  

fractions was the micro-technique of Lowry e t al (42) as recommended by 

Albers et al (4 3 ). In th is technique, the ADP being formed during 

hydrolysis was allowed to react with an excess of PEP, NADH, pyruvate 

kinase, and la c t ic  dehydrogenase so th a t the rate of oxidation of NADH 

(monitored continuously in the cuvette of a Zeiss PMQ I I  spectrophotometer) 

was d ire c tly  proportional to the rate  of formation o f ADP. This method 

is not generally recommended fo r routine use in potassium-sensitive 

reactions (43) because the pyruvate kinase a c tiv ity  i t s e l f  is K sensi­

t iv e  (44 ,45 ).

The method used routinely was as follows: Microsomes were d ilu ted

l as required. In the standard assay procedure, f in a l concentrations in  

the incubation mixture were as follow s: 3 mM y-^2 P-ATP (specific

a c tiv ity  I x 10^ cpm per ymole), 85 mM NaCl, 15 mM KC1, 3 mM MgClg,

50 mM Tris-HCl (pH = 7.3) as a b u ffe r, 0.1 mM EDTA-tris, inh ib itors  

when indicated, and 4 qg of enzyme protein in a fin a l volume of 

1 0 0  p i.

The assay media less ATP were allowed to pre-incubate in  tubes 

(5 x 50 mm) ca one-half hour a t 30°C before in it ia t in g  the hydrolysis 

by addition o f the y-^P-ATP. The resu lting  mixture was incubated a t 

30°C (or in  some cases at 0°C) fo r  10 to 20 minutes p rio r to termina­

tion of the reaction by addition o f 25 yl of 25% (w/v) of perchloric

12



acid (PCA).

A fte r cen trifugation  o f the PCA-treated mixture a t 15,000 g fo r  

15 minutes a t 0°C, the supernatant f lu id  was analyzed fo r  e ith er  

inorganic 32P o r, in  some cases, inorganic phosphate, by a modified 

Berenblum and Chain technique (4 6 ). An a liq u o t (100 y l ) o f the super­

natant was removed and mixed with 30 y l  o f 5% (w/v) ammonium molyb- 

date in  4N H2SO4 . Next, 100 y l  o f isobutanol was added fo r  extraction  

of the phosphomolybdate complex from the aqueous to the alcoholic  

phase— a procedure accomplished by v ib ra to ry  buzzing o f the tubes fo r  

no less than 25 sec. Such a period of v ib ra tio n  provided an optimal 

extraction  y ie ld  under these conditions. At th is  p o in t, the pro­

cedure was considered as terminated with respect to radio isotopic  

counting o f ^ P - , since no color development is required fo r  such an 

end-point measurement. In other cases, the procedure was carried  

through the steps leading to color development for measurement of non- 

rad ioactive inorganic phosphate.

A fte r the v ib ra tio n  maneuver, the alcoholic  and aqueous phases 

were separated by cen trifu gation  a t 1000 g fo r  5 minutes a t 0°C, a f te r  

which an a liq u o t (50 y l )  o f the isobutanol layer was added to the 

naphthalene-dioxane s c in t i l la t io n  counting f lu id  (43) fo r  measurement 

of ^ P  in a Beckman s c in t i l la t io n  counter. The amount o f ATP hydrolyzed 

was calculated from the data on 32P counts and sp ecific  a c t iv ity  o f 

AT32P in  the reaction m ixture. The ra te  was normalized w ith respect 

to the amount of microsomal p ro te in , determined by the Lowry method 

(4 7 ).
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(Na + K) stimulated ATPase is defined as th a t a c tiv ity  measured in  

the presence of Mg + Nâ  + K, less than that measured in the presence 

of Mg alone. The Na + K stimulated part is inh ib ited  by ouabain, 

the Mg-dependent part is  not. Therefore Na + K stim ulatable ATPase 

is often called ouabain-sensitive ATPase, and Mg-dependent ATPase is 

often ca lled  ouabain-insensitive ATPase.

D. Intermediate Measurements

1. Assay of 3 2 P-label1 j nq of microsomal proteins

Microsomal protein , 0.04 to 0.20 mg, was incubated in  an ice 

bath fo r  50 sec. (unless otherwise indicated) in a medium containing 1 mM 

AT32P (sp ec ific  a c t iv ity ,  105 cpm per mpmole), 85 mM NaCl, 3 mM MgCl2 ,

50 mM Tris-HCl (pH = 7 .3 ) as b u ffe r, 0.1 mM Tris-EDTA> KC1 and inh ib itors  

when indicated , in a f in a l volume of 100 y l .  Reactions were terminated 

by addition of 100 y l  of 10% (w/v) PCA, a fte r  which the mixture was 

centrifuged at 15,000 g fo r 15 minutes a t 0°C. (At th is  step, hydrolysis 

at 0°C was measured when desired by removing an a liquot of the super­

natant and treating  i t  as described above).

The PCA p rec ip ita te  was washed twice with 200 yl aliquots of

a cold (0°C) solution containing 5% PCA, 0.05 M Na2ATP, and 0.05 M

KH2 PO4 . The en tire  400 yl of the resu lting  suspension was f i l te r e d  by 

suction through mi H i  pore paper with a pore size of 0.45 y; a fte r  which 

an additional 25 ml of the same cold washing solution was placed on the 

same paper and f i l te r e d  by suction.

The volume desired fo r  washing was pre-determined by increasing 

the volume of washing solution (from 5 ml to 50 ml) in order to deter­

mine a t what point fu rther increases in  volume produced no change in

14



ra d io a c tiv ity  of the f i l t r a t e .  F i l te r  paper, so trea ted , was immersed 

into 10 ml o f toluene s c in ti l la t io n  counting so lution , and rad io a c tiv ity  

was measured in the Beckman s c in ti l la t io n  counter.

Two types of blanks were obtained: the f i r s t ,  by f i l t e r in g  and

washing the microsome-free incubation mixture (F i l t e r  Control); and 

the second, by f i l te r in g  and washing the same incubation mixture contain­

ing microsomes previously denatured by treatment with PCA, (PCA-Killed 

Control). In a ll cases, the rad io ac tiv ity  of the F i l te r  Control was much 

less than th a t of the PCA-Killed Control.

Another type of blank was only obtained (in  two experiments, but 

not ro u tin e ly ), by f i l te r in g  and washing the same incubation mixture 

containing microsomes previously denatured by immersing the mixture into  

a boiling water bath fo r 3-5 minutes, (H eat-K illed  Control). I t  was 

found th at the average value of la b e llin g  of the h e a t-k ille d  microsomes 

was the same as that o f PCA-killed microsomes. Consequently, the la t te r  

was used routine ly  as the base lin e  Control fo r nonspecific la b e llin g  in 

a ll  o f the experiments to be reported herein.

The use of m illipo re  f i l t e r  fo r  the washing of microsomal protein  

was chosen in preference to the consecutive washing and centrifugation  

steps used by others (3 7 ). This was because the measured differences  

between 3 ^P -labe lling  of the microsomes and th a t o f the same microsomes, 

pre-treated with PCA ( i . e .  PCA-Killed Control) were greater in the m i l l i ­

pore method than in the consecutive centrifugation method. The amount 

of protein la b e llin g  was estimated from the counts of 3^p in the protein  

together with the sp ecific  a c tiv ity  o f y-^p-ATP.
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2 . Assay of 14 C-ATP-labelling of protein

Microsomal p e lle ts , 0.05 to 0.20 mg, were incubated in the same 

medium as described above, except that ^C-ATP, 1 mM (sp ec ific  a c t iv ity  

103 cpm per mymole), instead of 3 2 P-ATP was used,

3. ^ R e la b e ll in g  of prot ein

Inorganic phosphate ( 32P - j ) ,  5 mM, (spec ific  a c tiv ity  105 cpm 

per mymole), instead o f A T P ,  1 mM was added to the standard microsomal 

frac tio n  and carried through the en tire  procedure described for 

and 3 2 P labelled ATP in order to determine the rate of 32p.. la b e llin g  

of the microsomal proteins.

E. Exchange rate measurements

1. Transphosphorylation Assay (Exchange ra te )

The standard incubation mixture consisted of the follow ing fin a l 

concentrations: 5 mM Tris-ATP, 0 to 3 mM MgCl2 , 0 to 125 mM NaCl 1.6 mM

^C-ADP (spec ific  a c t iv ity  1 x 1 0  ̂ cpm per ymole), 40 mM Tris-HCl (pH 7.3) 

as b u ffe r, 0.1 mM EDTA-tris and about 1 to 5 yg of microsomal protein in 

a to ta l volume of 30 y l .  The exchange assay can be quantitated only 

when ATP and ADP remain reasonably constant (48 ). This was achieved by 

om itting K, and checked experimentally by determining the percentage of 

the Mg-dependent hydrolysis. Results showed that 12% or less of ATP 

was hydrolyzed under the conditions used in the routine assay.

The samples, in  tubes (5 x 50 mm), were incubated a t 38° fo r  

10 minutes. The reaction was stopped by adding 5 yl  10% (w/v) formic 

acid in methanol. Prelim inary tests showed that th is  treatment gave 

less Mg-dependent hydrolysis than did the treatment of placing the rack 

of tubes in a bo iling  water bath fo r  2 minutes p rio r to placing i t  in



an ice bath (4 0 ). Perchloric acid was not used to terminate the reaction  

because o f i ts  interference with the th in  layer chromotography. Each 

sample, along with s im ila r volumes o f standard known nucleotides, 3 to 

5 y l , was applied to the chromatographic plates. A fte r separation on 

the p la te s , counting was performed according to the procedure used by 

Fahn e t al (40). Under the aforementioned assay conditions fo r measuring 

the exchange ra te , no l^C-AMP formation was detected, thus elim inating  

contribution of adenylate kinase a c t iv ity  to the exchange ra te . Exchange 

rate was calculated from the spec ific  a c tiv ity  of the ^C-ADP; and 

expressed in terms of the ^C-ATP formed as a percentage o f the to ta l 

^C-ADP present in i t ia l ly .

2. Assay of the exchange rates o f ITP, CTP, GTP, and JJTP, with 

14OADP

The composition of the incubation mixture, in  m illim o lar concen­

tra tio n s , was as follows: 5 mM T ris -IT P ; or (o f the t r is  salts o f CTP,

GTP, or UTP) when indicated; 3 mM Mg C l2 ; 0 or 85 mM NaCl as indicated; 

1.5 mM 4̂ C-ADP; 40 mM Tris-HCl (pH 7 .3 ) as the bu ffer; 0.1 mM EDTA-tris; 

and approximately 8  yg of microsomal protein in  a to ta l volume of 30 y l . 

Aliquots of the reaction mixture were run on th in  layer chromotography 

and assayed fo r the 4̂ C-ATP formed. The rest o f the assay procedure 

was as described under the section on transphosphorylation assay.



CHAPTER I I I

THEORETICAL CONSIDERATIONS

On the basis of the data to be presented here concerning microsomal 

binding, hydrolysis, and exchange reaction , the three processes have been 

included in to  a single reaction model (F ig .2 ). The reaction model is  

displayed preceding the results section to aid the reader and to serve 

as a guideline fo r the data to be introduced.

Many models can be rendered compatible with data on hydrolysis alone; 

with data on microsomal binding, or with data on the exchange reaction  

alone, or with data from any two of the three types of processes. However, 

only a lim ited  number of models can be rendered compatible with data obtained 

independently from a l l  three d iffe re n t processes — hydrolysis, binding 

and exchange. The u ltim ate ideal ob jective in th is , as in any s c ie n tif ic  

study, is to approximate the situation  wherein one theoretica l model can 

account fo r  a maximal va rie ty  of independently obtained, q u a lita tiv e ly  

d iffe re n t data on the same system. Complete discussion of the reaction  

model w ill be introduced when the exchange reaction data are presented.

Figure 2 is a reaction model fo r ATPase a c t iv ity , where E and E' denote 

d iffe re n t forms of the enzyme. The Mg-dependent hydrolysis is  assumed 

to proceed through reactions 1 to 3 inc lus ive; the Na + K-dependent 

hydrolysis through reactions, 1, 4, 5 and 6 ; and E-ATP is  assumed to be 

the common precursor fo r both paths. The orig inal form of the enzyme is 

called E, and the sodium modified enzyme is  called E '.
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E + ATP 
K

(1)

(4 )

(5 )

E-ATP

ADP + E’~ P

(Na

( 2 )

(3 )

( 6 )

E '-P E + Pi

E’ + P1

E'^ -.  ̂E

F ig . 2. Reaction model fo r  ATPase a c t iv ity .
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Data to be presented from tu r t le  bladder microsomes, suggest that 

the main s ite  o f action fo r sodium is a t reaction 5; and the minor s ite ,  

at reaction 4.

P aren th etica lly , in microsomes obtained from other tissues ( 6 , 10 ), 

sodium apparently acts mainly at reaction 4.

20



CHAPTER IV 

RESULTS

A. ATPase a c tiv ity  with y -3 2 P-ATP

Table 1 presents values derived from ^ p .  measurements, on the hydrolytic  

a c tiv ity  o f the native and o f the ouabain-treated microsomal p e lle t in one out 

of 10 s im ila r experiments under the "cationic" conditions designated in the f i r s t  

column. As expected, the simultaneous addition of Na+ and K+ to the incubation 

mixture (3rd row) increased the Mg++-dependent a c t iv ity  ( f i r s t  row) by ca. 100% 

in the native microsomes — an e ffe c t which was completely blocked in the micro­

somes which had been pre-incubated with ouabain (4th and 5th rows).

Such data, derived from the use of y -lab e lled  3 ^P-ATP were consistent with 

our previous data, derived from the use of non-radioactive ATP (Y.E. Shamoo and 

W.A. Brodsky, unpublished data); and consistent with more recent data of others 

(49) who used an ADP assay fo r measuring ATPase a c tiv ity  in the microsomal pel­

le t  from tu r t le  bladder.

B. Microsomal Binding

1. 3 2 P -labelling  from Y- 3 2 P-ATP

Table 2, presents values, from one representative experiment (see table  

3 fo r massed data), on the 50 second rate o f formation of 3^P-phosphoprotein in 

the native and in the ouabain-treated microsomes under the ionic conditions 

designated in the f i r s t  column and under the bu ffer conditions a t pH 7.3  

designated in the second and th ird  columns.

In th is , as well as in a l l  other experiments, the amount o f protein - 

lab e llin g  a fte r  incubation o f PCA-killed microsomes was substracted from
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Conditions
for

Hydrolysis

Specific
Activity

(pmoles/mg/hr)

Relative
Specific
Activity

Mg 11.0 1.00

Mg + Na 10.6 0.96

Mg + Na + K 21.7 1.97

Mg + Ouabain 10.6 0.96

Mg + Na + K + Ouabain 10.4 0.95

Table 1. Na, K ATPase a c tiv ity . Each tube contained ca. 4 mgm of 
microsomal protein (in  the native state or pre-treated with ouabain 
as described in Methods) together with the appropriate cations lis te d  
in  the f i r s t  column. Composition of the incubation mixture, in terms 
of m illim olar concentration, was: Na, 85; K, 15; Mg, 3; Tris-y-^P -A TP ,
3 (spec ific  a c tiv ity  = 105 cpm/ymole; Tris-EDTA, 0 .1; and ouabain, 1.0. 
Final pH, 7.3 and fin a l volume, 100 y£. A fter incubation a t 37°C for 
15 minutes, the reaction was stopped by adding 2 5 y lite r  of cold 25% (w/v) 
perchloric acid, and the inorganic phosphate (32p.) was extracted by the 
method of Berenblum and Chain (17).

In another set .of experiments in th is laboratory on Na, K, 
ATpase from the same tissue, the mean values of a Tarae mass of data were 
sim ilar to those shown here. (Shamoo, Y.E. and W.A. Brodskv, Biochim. 
Biophys. Acta, In Press, 1969)



Native

Enzyme

Ouabain

Treated

mymoles P incorporated/ 
mg Protein/50 Sec.

Conditions
for

Labelling
Tris-HCl 
as Buffer

Im idazole-H istidine  
as Buffer

Mg 0.57 0.99 .

Mg + Na 1.43 . 1 . 2 2

Mg + Na + K 0.36 ' 0.50

Mg 0.27 0.38

Mg + Na 1.36 0.27

Mg + Na + K

. ..

1 . 2 2 0.67

Table 2 . Amount of binding in the native and ouabain-treated 
microsomes under d iffe ren t ionic conditions. Each tube contained 
approximately 200  ygm of microsomal protein in a native or ouabain- 
treated system containing e ither 50 mM Tris-HCl or 50 mM imidazole- 
h istid ine (pH = 7.3) together with the appropriate cations lis te d  in 
the f i r s t  column. Final concentration of each constituent of the 
incubation mixture was: 85 mM Na, 15 mM K, 3 mM Mg, 3 mM y -3 2 P-ATP 
(spec ific  a c tiv ity  10^ cpm/ymole, 0.1 mM Tris-EDTA, and 1 mM ouabain. 
Final volume, 100 y l;  temperature 0°C, time of incubation, 50 sec. 
Reaction was terminated by adding 100 yji 10% (w/v) cold perchloric 
acid (f in a l concentration 5%).



th a t obtained a f te r  incubation of enzymatically active microsomes. The 

magnitude o f the non-specific la b e llin g  by PCA-killed microsomes varied 

from 10 to 80 per cent of that a ttrib u tab le  to the Mg-dependent lab e lling  

found a fte r  incubation fo r  50 seconds a t 0°C.

In terms of raw cpm, the order of magnitude of determinations

were as follows: background, 40; " f i l t e r  contro l", 100; PCA-killed control,

240; enzymatically active microsomal samples a f te r  50 seconds of incubating 

a t 0°C in the presence of Mg alone, 500-1000, and in Mg + Na, 750-1500.

The magnitude of the enzymatically active re la tiv e  to that o f the non­

sp ec ific  la b e llin g  was a t least as large as th a t usually reported by 

others in th is  f ie ld .

a. E ffec t of Cations and ouabain on the phosphoprotein (Table 2)

In  the native microsomal frac tio n , the addition o f Na increased 

the Mg-dependent phosphorylation in  both buffer systems; while the simulta­

neous addition o f Na + K decreased the Mg-dependent phosphorylation of 

the protein in both bu ffer systems.

In the ouabain-treated microsomal frac tio n  buffered by T r is -  

HCl the addition of Na induced an increase in the Mg-dependent rate of

32p la b e llin g  of the protein while the simultaneous addition o f Na and K

also increased the Mg-dependent la b e llin g  to the same extent as did Na 

alone.

In the ouabain-treated microsomal frac tio n  buffered by 

im id azo le -h is tid in e , the results d iffe red  from those obtained with T ris - 

HCl buffering. For example, addition of Na did not stim ulate the Mg- 

dependent ra te  of lab e llin g  of p ro te in , and the simultaneous addition of 

Na and K increased the Mg-dependent lab e lling  to a greater extent than 

did Na alone.

24



In the native microsomes, the effects  of Na and K on 3 ^p- 

la b e llin g  of protein were s im ila r to those reported by Fahn e t al using 

Tris buffer (50) and by Post et al using im idazole-glycylglycine buffer 

(37).

In the ouabain-treated microsomes, the effects  in one buffer 

were d iffe re n t from those in the other; and somewhat d iffe re n t from but 

not necessarily inconsistent with those reported by others (14 ,37 ,50 ).

For example, in Tris  b u ffe r, the sodium-dependent lab e llin g  

was not appreciably affected by ouabain as seen in the im idazole-h istid ine  

buffered system herein, and as seen elsewhere in Tris and in im idazole- 

glycylglycine buffered systems (37) subjected to ouabain treatment.

In our hands, the presence of ouabain in e ith e r buffer system

apparently blocked the K-dependent dephosphorylation of the protein as has

been reported in other tissues (6 ,1 4 ,4 3 ).

Since the aforementioned differences were based on but one

experiment, we decided to perform a series o f experiments on native and

ouabain-treated microsomes in order to establish the average behavior 

of several pools of microsomes.

Table 3 presents mean values and s ta t is t ic a l parameters fo r  

the cation-sensitive rate of 32p_-jab e lling  of native and of ouabain- 

treated microsomal proteins. Values are normalized with respect to the 

Mg-dependent lab e llin g  ra te , 0.29 m^moles/mg protein/50 sec. taken as 

100%.

In the native microsomal protein , addition of Na increased 

the mean lab e llin g  a c tiv ity  by 158% in  7 experiments (P < 0 .0 2 ); and 

addition of Na + K produced l i t t l e  i f  any s ig n ifica n t change (P > 0 .6 ) 

above the Mg level o f lab e llin g . Expressed in  other words, the addition  

of K to the Mg + Na loaded protein induces a s ig n ific a n t (P < 0.02)

stripping of the protein-bound 3 ^p.
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Conditions
for

Labelling

Percent Pho 
(Mg^-depen

Native

sphorylation 
dent as 100%)

Ouabain

A. Mg 100 t 21 64 t 16
n = 7 n = 6

B . Mg + Na 258 t 49 205 t 47
n = 7 n = 4
B - A B - A

P < 0.02 P < 0.05

C. Mg + Na + K 126 t 49 203 t 41
n = 4 n = 4
C - A C - A

P >0.6 P < 0.05

Table _3. ^^P-labelling of native and ouabain-treated micro- 
somes incubated with y-^ ^ -ATP for 50 seconds at 0°C under 
the cationic conditions designated in the first column. The 
probability values (P) are derived from the mean values and 
standard errors of the individual paired differences,
(Mg + Na)^ — (Mg)^ or B —  A; and (Mg + Na + K)^ —  (Mg)^ or C 
Composition and volume of incubation mixtures are the same as 
has been described for Table 2.



In the ouabain-treated microsomal protein , the 32P lab e llin g  

rate  with Mg alone was 64% of the corresponding rate in the native protein .

A surprising finding in the ouabain-treated mixture was the 

fa c t that ouabain fa ile d  to change the sodium-dependent increment o f the 

Mg-dependent 32P lab e llin g  of protein.

The lab e llin g  rate found with Mg + Na + ouabain (205% of the 

native Mg-dependent le v e l) was 220% greater than that found with Mg + 

ouabain (64% of the native Mg-dependent le v e l) .  This Na-dependent 

increment in the ouabain-treated microsomes of tu r t le  bladder was greater 

than that reported by others in s im ila rly  treated microsomes from d iffe re n t  

tissues (14 ,37 ,49 ).

As expected, the K-induced stripping of 32P from the Mg +

Na treated microsomes was completely blocked by ouabain (P > 0 .6 ) . Such

a blocking of dephosphorylation has been found in other microsomal systems 

treated with ouabain (6 ,14 ,3 7 ,5 0 ).

b. NEM e ffe c t on phosphoprotein

In addition to the experiments of the e ffec ts  of ouabain on 

P la b e llin g , four experiments were performed to determine the effects  

of NEM on 3 2 P -lab e llin g  in the presence o f Mg and Na. Mean values ± S.E. 

of 3 2 P -lab e lling  of the NEM-treated microsomes as percentages of 3 2 p- 

la b e llin g  of the native protein with Mg alone were as follows:

(1) 134 ± 73 in the presence of Mg + NEM, which was s t a t is t i ­

ca lly  the same as 100% in the presence of Mg alone; and

(2) 396 ± 124, in the presence of Mg + Na + NEM which was

s ta t is t ic a l ly  greater than that in the presence of Mg alone — indicating  

th a t the sodium-stimulation of 3 2P -la b e llin g  of microsomes remained in ta c t  

in the presence o f NEM.
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2. Substrate S p ec ific ity

ITP is almost as good a substrate as is ATP fo r the following:

Na + K-dependent hydrolysis o f nucleotides in microsomes of crab nerve {14, 36) 

and of tu r t le  bladder (Y. E. Shamoo, and W. A. Brodsky -  unpublished), and 

Na-dependent 3 2 P -lab e llin g  o f microsomal proteins from crab nerve {14, 36); fo r  

the Mg-dependent exchange between nucleoside diphosphates and nucleoside t r i ­

phosphates in microsomes from crab nerve (14, 36) and ra t brain (51).

On the other hand, ATP is apparently the preferred substrate fo r  the 

Na + K-dependent ATPase, as well as fo r Na-dependent phosphorylations and ex­

change reactions in the e le c tr ic  organ of the eel {40, 50, 52).
32The nucleotide preference fo r the Na-dependent P -lab e lling  of 

microsomal proteins o f bladder e p ith e lia l ce lls  was determined fo r ATP, ITP,

GTP, and UTP. The technique was to determine f i r s t  the rate of ^2P binding 

from 1 mM ^2 P-ATP, and then determine the e ffe c t o f such binding by adding 

5 mM concentrations of other nucleotides to the incubation mixture.

Figure 3 presents, in  columnar form, mean values and standard errors  

of the binding a c t iv ity  of the microsomal proteins fo r f iv e  nucleotides in 4 

separate experiments {each including the 5 nucleotides) on a single pool of 

microsomes. Results showed the following order or nucleotide preference:

ATP > UTP > GTP > ITP > CTP. Thus, ^2 P-ATP binding corrected fo r the presence 

of equimolar amounts o f ITP, CTP, GTP and UTP was 12, 16, 1 and 1%, respectively. 

This can only be considered as a crude estimate of the nucleotide preference, 

and to th is extent, ATP is  large ly  the preferred substrate in the phosphorylation 

reaction --a  finding in harmony with phosphorylation data in the e le c tr ic  organ of 

the eel (4 0 ,5 0 ), but not with s im ila r data on phosphorylation from crab nerve (14).

3. Hydrolysis at 0°C

■Data on microsomal ATPase a c tiv ity  has been derived from measure­

ments at 38°C; and the addition of Na + K to the Mg-containing system
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at32p at32 p a t 32p a t32p a t 32p 

ITP CTP GTP UTP

Fig . 3. E ffect of I IP , CTP, GTP, and UTP (5 mM e a .) on re la tiv e  ^ P -la b e llin g  
in 4 experiments on a single pool of microsomal proteins incubated with 
32p_ATP alone {1 mM), in the presence o f each of the designated nucleo­
tid es . Each value shown was derived from the binding in the presence 
of Mg + Na less th a t in the presence of Mg alone. Remaining constituents 
{other than the nucleotides) and volume of the incubating mixture were 
the same as has been described fo r Table 2.
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uniformly accelerates the reaction while the addition o f Na alone to the 

Mg-containing system stimulates the a c t it iv y  in some cases (16, 35, 36, 53, 54), 

but not in others (17, 49, 53, 55-62). The focus o f the present report was 

on the catalyzed rate of la b e llin g  of the native and ouabain-treated 

microsomal phosphoproteins a t 0°C, in the presence of Mg alone, in the 

presence o f Mg + Na, and in the presence of Mg + Na + K. For comparative 

purposes, we elected to determine the overall rate  o f ATPase catalyzed 

hydrolysis a t 0°C in the presence of Mg and of Mg + Na.

Figure 4 presents a p lo t o f values of inorganic phosphate ( P - j )  

liberated versus time of incubation a t 0°C, in one representative experiment 

(out of 6 experiments) on a microsomal p e lle t ,  one a liquot o f which was expo­

sed to Mg alone, the other to Mg + Na. There was no apparent difference in

the amount o f released from e ither a liquo t at any time during the 10  min­

utes of incubation. The amount of P-j lib era ted  a fte r  10 minutes, 110 mymoles/mgm 

protein, was approximately 5% of that liberated  by incubation of the same micro­

somal system at 38°C (Shamoo, Y.E. and W.A. Brodsky -  unpublished). Detection 

o f such a small amount o f P̂  was made feas ib le  by the use o f a 32-la b e lle d  ATP 

of high sp ec ific  a c tiv ity  (10^ cpm/mymole of ATP). In comparison with the 

magnitude o f 3 2 P -lab e llin g  of microsomal protein at 0 °C ., the amount o f ATP 

hydrolyzed in 50 seconds a t the same temperature, 10 mumoles/mgm prote in , 

was ca. 30 times greater than the average amount of Mg-dependent la b e llin g ,

and ca. 13 times greater than the average of the (Mg + Na)-dependent la b e l­

lin g  (see Tables 2, 3 and Fig. 4 ).

4. Time-Course of Phosphoprotein formation

a. Native microsomes

Even though the amount o f ATP hydrolyzed in 50 seconds a t 

0°C is much greater than the amount o f phosphoprotein formed, less than
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Fig. 4_. Hydrolysis o f ATP at 0°C in the absence of K. Amount 
of 32p.j released versus time of incubation of native
microsomal proteins with ^^P-ATP. Solid c irc les  de­
note Pi release in the presence of Mg alone; and 
open c irc le s , in the presence of Mg + Na. Apart 
from the absence of K, the remaining constituents 
and volume in each incubation flask  was the same as 
has been described for Table 1.
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5% of the available ATP (1 mM) was consumed during th is  period (see f ig .  4 ).

In s im ila rly  designed experiments on crab nerve microsomes, Skou set 

the condition 25 pM ATP fo r almost complete hydrolysis of the availab le  ATP
O p

a t 37°C. During the hydrolysis, the (Mg + Na)-dependent P -lab e llin g  of 

protein increased, reached a maximum in 1 0 - 2 0  seconds and then decreased dur­

ing the next 30 seconds (14 ). We decided to design p a ra lle l experiments on 

3 2 P -la b e llin g  as a function of time in bladder microsomes a t 0°C where the 

phosphoprotein formation could be measured when the extent o f ATP hydrolysis 

was neg lig ib le  (as shown in f ig .  4 ).

Native and ouabain-treated microsomes, prepared as described above, 

were incubated with 3 2 P-ATP in the presence of Mg alone and in the presence 

of Mg + Na. A fter term inating the reaction by PCA treatm ent, the amount of 

3 2 P -lab e llin g  of protein and the amount o f 3 2 P1* liberated  were determined in 

each incubation flask  — as described in the Methods section. Since the results  

on overall hydrolysis (P  ̂ lib era ted ) at 0°C were essen tia lly  the same as those 

shown in f ig .  4, they w il l  not be displayed in the simultaneously paired results 

on 3 2 P -lab e llin g .

Figure 5 is a p lo t of values of 3 2 P-labelled microsomal protein formed 

as a function of time o f incubation a t 0°C in one of four s im ila r experiments 

on the native enzyme system.

Whereas, the order of magnitude of 3 2 P -lab e lling  observed in the tu r t le  

bladder was sim ilar to th a t of the Mg + Na dependent.
O p

The order of magnitude of the P -labe lling  o f the native protein from 

tu r t le  bladder was roughly s im ila r to th a t reported fo r native microsomal pro­

te in  from other tissues (14, 50, 57 ). The time-dependent pattern of the Mg- 

dependent lab e lling  (see lower curve in f ig . 5) was d iffe re n t from th a t found 

in crab nerve (14). The time-dependent pattern of the Mg + Na dependent lab e l­

ling  (see upper curve of f ig . 5) was d iffe re n t from that found in kidney micro-
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incubation with 32p_ATp at  0°C. Solid c irc les  denote la b e llin g  in 
the presence of Mg alone; and open c irc le s , in the presence of Mg + Na.

Final concentrations of each constituent o f the incubation mixture 
were: 85 mM Na, 15 mM K, 3 mM Mg, 3 mM y-32p_ATp (s p ec ific  a c tiv ity
10 cpm/ymole), 0.1 mM Tris-EDTA and 1 ,mM ouabain. Final volume 
100 y£; temperature 0°C. Reaction was terminated by adding 100 yl 
1 0% (w/v) of cold perchloric acid (f in a l concentration 5 %).

Each value of 22P incorporated has been corrected for that incorporated 
by control microsomes which had been "k ille d "  by PCA ju s t p rio r to the 
incubation. The control or non-specific la b e llin g  amounted to 0.07 
mymoles/mg protein .
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somes ( 3 7 ) ,  but s im ila r  to that found in e le c tr ic  organ (50) and crab nerve 

(14 ). However, the s im ila r ity  with th a t o f crab nerve must be judged against 

the fa c t th a t a s ig n if ic a n t proportion of the ATP was consumed during the bind­

ing period in the experiments on crab nerve, but not in the experiments on 

tu r t le  bladder.

b. Ouabain pre-treated  microsomes

Figure 6 was constructed from the resu lts  o f  one of four experiments 

on ouabain trea te d  microsomal p rote ins  incubated a t  0°C w ith ^P-ATP. oata pres­

ented in the 2 plots are values o f  ^ P -A T P - la b e lle d  p ro te in  as a function  of 

time o f incubation.

The Mg + Na dependent la b e llin g  was greater than the Mg dependent lab e l­

lin g  o f the ouabain trea ted  enzyme system throughout the 300 seconds o f incuba­

tio n , a pattern  which was q u a lita t iv e ly  s im ila r to th a t shown in the previous
op

fig u re  on the time-dependent la b e llin g  of the native enzyme system. The P- 

la b e llin g  under both conditions (Mg alone and Mg + Na) increased, reached max­

imal levels a t 100 and 160 seconds resp ective ly , and then decreased. The time 

required to reach maximal levels o f P -lab e llin g  in the presence of Mg alone 

in the ouabain treated  system was the same as that in the native enzyme system - -
op

ca. 100 seconds. However, the time required fo r  maximal °  P -la b e llin g  in the 

presence o f Mg + Na in the ouabain treated  system, 160 seconds, was greater 

than th a t in the native system, 60 seconds.

The post-maximal decrease in  ^ P - l a b e l l i n g  of the ouabain trea ted  sys­

tem was slower than th a t o f the n a tive  system - -  a re ta rdation  which was more 

obvious in the presence of Mg + Na than in the presence o f Mg alone.

In summary, data figures 5 and 6 ind icate  th at the effects  o f pre­

treatment o f the microsomal frac tio n  with ouabain on the Mg + Na-dependent 

^ P -la b e llin g  of the protein  were: f i r s t ,  a "ouabain-sh ift" — i . e .  a

prolongation of the time required to  reach maximal leve ls  o f la b e llin g ;
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and second, a retardation in the ra te  of de -lab e lling  of the phosphoprotein. 

Neither one of these effects  was found in the Mg dependent lab e llin g  or 

de-lab e lling  of the native protein.

5. Inorganic phosphate binding

Presumably, the 32P label on the protein comes from 32p-iabelled  

ATP. However, some o f the lab e llin g  might have come from the 3 2 p- formed 

as the f in a l product o f the hydrolysis of 32p-ATP. To te s t fo r  the ex­

tent of 32p.j binding, ^2 p-j-labelled inorganic phosphate, instead of ATP, 

was incubated against native and ouabain-treated microsomes.

Table 4 presents mean values and standard errors of Pi binding 

to the native and ouabain treated microsomal proteins in four experiments. 

The levels of P-j binding, 0.001-0.002 mnmoles/mgm Protein/50 sec. to the 

native protein and 0.007 to the ouabain-treated protein , were 1% and 3% 

respectively of the corresponding amount of the P binding from ATP.

The extent of P̂  binding was greater in the ouabain-treated than in the 

native protein  — a find ing in accord with th a t recently reported by Siegel 

et al (5 8 ).

5. 1 4 C-1abelling from 1 4C-ATP

The next set o f experiments, concerning the lab e llin g  o f micro­

somal proteins from ^4 C-ATP, was undertaken to obtain an independent 

check on the data of ^ - l a b e l l in g  and to demonstrate d ire c t ly , i f  possible, 

the presence or absence of an E-ATP complex in the microsomal proteins. 

Accordingly, ^4C-ATP, instead of 32p-ATP, was the substrate incubated with 

the microsomal p e lle t under the standard conditions described in the 

Methods section.

Table 5 presents mean values fo r the absolute and re la t iv e  labe l­

ling o f native microsomal protein w ith IAq af t e r  50 seconds o f incubation 

with 14C-ATP at 0°C in s ix  experiments.
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Conditions
for

Labelling

Amount of Labelling 

(m[jnioles P^/mgm/50 sec)

NATIVE M g ^ 0.002 + 0.002

Mg** + Na+ 0.001 t 0.001

OUABAIN Mgn- 0.007 t 0.002
Mg++ + ^a+ 0.007 t 0.002

*] ryTable 4. labelling of native and ouabain-treated microsomal
proteins incubated with inorganic phosphate (^2p^)f 5 Remain­
ing constituents (other than 32p_Axp) and volume of the incubation 
mixtures were the same as has been described for Table 2. Each 
value shown is the mean and standard error of four experiments.
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AMOUNT OF 14C-ATP BINDING

Conditions
for

Labelling

Absolute 

(mumoles/mg protein/50 sec)

Relative to Mg

Mg 0.72 t 0.22 1.00

Mg + Na 0.39+0.12 0.54

Mean + S.E. of the individual paired differences, 
(Mg)i - (Mg + Na)i

Statistical

Parameters
0.34 t 0.11; P < 0 .02 (n = 6)

Table 5. ^C-labelling of native microsomal proteins incubated with -^C-ATP,
ImM. Remaining constituents (other than ^P-ATP) and volume of the incubation 
mixtures were the same as has been described for Table 2.



Without exception, the addition of sodium to the Mg-containing 

incubation mixture resulted in a clean-cut decrease in the Mg-dependent 

lab e llin g  (from 0.72 to 0.39 mymoles/mg/50 sec.) o f the protein. The 

45% decrease of R c -la b e llin g  in going from the Mg-containing to the Mg +

Na containing incubation mixture was in s trik ing  contrast to the 158% in ­

crease of ^ p .ia k e ii in g  of the protein  under the same conditions of incuba­

tion (see Table 5).

The findings on R c and 32p_i C e llin g  0f  the microsomal proteins 

are consistent with the concept th a t the f i r s t  intermediate between the 

enzyme protein (E) and substrate (ATP) is E-ATP (measured as the R e ­

labelled  pro te in ). Sodium induced acceleration of the intermediate steps 

in the hydrolysis could then re s u lt in  an increased rate o f accumulation 

of E-M5 (measured as an increase in  ^ P -la b e llin g  of the protein) at the 

expense of the accumulation, but not a t the expense of the ra te  of forma­

tion o f E-ATP.

V erifica tio n  of the findings on R c and 32p_i C e ll in g  was done 

as follows:

a. ^P-ATP and Rc-ATP were incubated together with cold ATP,

1 mM, in one flask w ith the microsomal mixture described in the Methods 

section and used throughout th is  work. Prelim inary data from two experi­

ments showed th a t the Mg-dependent binding of was greater than that 

of ^ P ;  that the addition of Na decreased binding (so th a t the 

a c tiv ity  ra t io , (Mg + Na) /  (M g )^ 0 .5 ) and simultaneously increased ^2p 

binding fso that the 3 P̂ a c tiv ity  ra t io  (Mg + Na /  (M g )^ 2 .2 ). All 

three findings with the simultaneously added isotopic labels were about 

the same as those found with in d iv id u a lly  added isotopic labels (see Tables

2 and 3 ). Although th is  matching sounds reasonable, the reason for the

excess of over ^ P  binding in  the Mg-dependent reaction is  not
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in tu it iv e ly  obvious from these data.

b. In the next two experiments on ^ - la b e l l in g  of the protein , 

the reaction was terminated solely by rapid f i l t r a t io n  of the incubation 

mixture. No PCA was used to ' k i l l '  the reaction in the flask or to wash 

the microsomal p e lle t remaining on the f i l t e r  paper. The ^ C -la b e llin g  

pattern of th is nearly-native microsomal p e lle t with Mg alone and with 

Mg+Na was essen tia lly  the same in absolute magnitude and degree o f Na- 

induced decrement as th a t found in the PCA treated microsomal p e lle t .  

Apparently the ^ C - label led protein is  ac id-stab le .

P aren thetica lly , the ^C-ATP, 32p-ATP, and cold ATP were 

found to be chromatographically id e n tic a l.

C. Exchange reaction

1. Factors A ffecting the Exchange Rate

a. Amount of enzyme protein. Figure 7 presents two composite 

plots of values on the rate  o f conversion of ^C-ADP to ^C-ATP as a 

function o f the amount of microsomal proteins. The rate of the exchange 

was expressed in terms of the amount o f 1 4 C-ATP formed as a percentage 

of the in i t ia l  amount of ^C-ADP. Each point on each of the curves is 

the mean of four determinations from four separate experiments on the same 

batch of microsomes.

The lower curve shows the experim entally determined values 

fo r the exchange rate . The upper curve shows the values a fte r  correcting  

fo r the hydrolytic loss of the 1 4C-ATP formed during the exchange reaction. 

This hydrolytic loss, presumably due to the action of the Mg-dependent 

ATPase, was 10 micromoles/mg of microsomal protein/hour, on the average, 

as determined in a separate set of experiments on the same microsomes.
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Fig . 7. Exchange rate as a function of the amount of microsomal protein. Each point is the 
mean value obtained from 4 experiments on a single batch of microsomes. Exchange 
rate is defined as the amount of.l^C-ATP formed in 10 minutes at 38°C as per­
centage of the in i t ia l  amount of T4c-ADP. The standard errors are represented by 
the v e rtica l bars.

Whenever the radius, of the c irc le  was equal to or greater than the SE, the v e r t i ­
cal bars are not shown in the graph. (This defin ition  of the exchange rate and the 
graphic presentation of the mean value and its  SE w ill be the same throughout the 
remainder of this rep o rt.)

Appropriate dilutions of the enzyme were added to each reaction mixture, and the 
subsequent incubation and assay were as described in the Methods section. Each 
tube contained 3 mM MgCl2 , 5 mM ATP, 1.6 mM '^C-ADP, 0.1 mM Tris-EDTA,
40 mM Tris-HCl (pH 7 .3 ) as buffer, and varying amounts of microsomal protein as 
indicated along the abscissa in a to ta l volume of 30 y l. The solid circles rep­
resent experimentally observed results . The open circles were the corresponding 
corrected values of experimentally observed results for the hydrolytic loss of 

l^C-ATP formed during th6 exchcthe exchange reaction.
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Even without correcting fo r hydrolytic  losses of ^C-ATP, as 

much as 17% of the ^ C -lab e l of ADP was incorporated into ATP during a 

10 minute period o f incubation a t 38°C. The corrected and uncorrected 

values do not d i f fe r  appreciably in the presence of 4 ygm or less of 

microsomal protein . However, an appreciable correction to  the exchange 

rate  is  required in the presence o f 5 or more ygm of microsomal protein . 

This type of correction is  more noticeable in tu r t le  bladder microsomes 

than in other tissues because of the re la t iv e ly  high Mg-dependent ATPase 

a c t iv ity  - -  which accounted fo r  the hydrolysis of 10% of the to ta l ATP 

in the 10  minutes o f incubation with maximal amounts of microsomal pro­

teins ( 1 0  pgm) used fo r the experiments on the exchange reaction .

The pattern of corrected values versus amounts of enzyme 

resembles that expected of an exchange reaction (48), whereas the pattern  

of raw values versus amount o f enzyme (p a rtic u la r ly  in the presence of 

high concentrations o f microsomal protein) deviates somewhate from th a t 

expected of a pure exchange reaction.

b. Concentration of ATP and ADP. In  the next set o f experiments, 

the amount of microsomal protein (ca. 2 ygms) and the nucleotide concen­

tra tio n  ra t io , [ATP]/[ADP] = 4 .0  were fix e d , thereby perm itting observa­

tions on the exchange rate as a function of the concentration of ATP.

Figure 8  is  a composite plot o f values of the catalyzed ra te  

of the ADP-ATP exchange reaction as a function of the concentration o f 

ATP in the presence of Mg (upper curve), and in  the presence o f Mg + Na 

(lower curve). Each point on each of the curves is the mean of four 

determinations from four separate experiments on the same batch of 

microsomes.

The most obvious finding is  th a t the catalyzed rate  of exchange 

in the presence of Mg was s ig n if ic a n tly  greater than th a t in  the presence
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of Mg + Na over the e n tire  range o f ATP concentrations (0 .2  -  5.0 mM) 

used. The Na-induced decrement in  the exchange ra te , reminiscent o f the 

previously reported Na-induced decrement in 1^C-ATP binding on the micro­

somes, is  conistent with the reaction model postulated (see F ig .2) Thus, 

with no sodium present, the exchange reaction proceeds through both reaction  

steps 1 - 2  and 1 -  4 , by the fo llow ing steps:

1) E + ATP Mg^ E-ATP
'N-----

2) E-ATP ^ E^P + ADP
^ -----

and

4) E - A T P E ! r v P  + ADP

where transphosphorylation can be accomplished through the two revers ib le  

reactions. When Na is  added, the ir re v e rs ib le  reaction 5,

5) E ^ P — E' - P,

is accelerated, which provides a sink fo r E'^-P thereby reducing the 

extent o f the revers ib le  transphosphorylation o f ADP to ATP v ia  reactions 

1 and 4.

The early  report showing a sodium-induced decrement o f 

^C -b inding to microsomes, (see Table 5) could be explained by postulating

the s ite  o f sodium action on reaction 4 — which would p red ic t a sodium-

induced increase of transphosphorylation. However, Figure 8  shows a 

c le a r-cu t sodium-induced decrease in transphosphorylation, which excluded 

reaction 4 as the sole s ite  o f sodium action. The current postulate th a t 

sodium acts on reaction 5 , is fu l ly  consistent with the sodium-induced 

decrease in the exchange ra te  (F ig .8 ) as w ell as with the sodium-induced

decrease in binding o f ^C-ATP to the microsomes (Table 5 ) .

The functional form o f the p lo t shown in Figure 8  is somewhat 

complex. At low concentrations o f ATP, 0 .2  to 1.0 mM, the rate function
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resembled that «_xpected of cooperative homotropic kinetics (60); and a t 

high concentrations o f ATP, 2 .2 -5 .0  mM, the rate  function resembled th a t 

expected of substrate in h ib itio n  a t or near the saturation range of the 

reaction.

c. jdH. Figure 9 presents two composite plots of values on the 

rate o f exchange in the presence of Mg, and in the presence of Mg + Na 

versus pH. Each point is the mean value of four determinations from 

four individual experiments on a single pool o f microsomes.

Neither the Mg nor the Mg + Na dependent exchange rate showed

any marked change due to varia tion  of the pH from 5.5 to 9 .0 . The

sodium-induced decrement o f the exchange ra te  was read ily  detectable over 

the e n tire  pH range.

The pH independence and the sodium-induced decrement o f the 

exchange ra te  in tu r t le  bladder microsomes d i f fe r  in certain  respects 

from the corresponding data obtained from microsomes o f ra t brain (51) 

and e le c tr ic  organ of the eel (4 0 ). In the ra t brain preparations (5 1 ),  

as in the tu r t le  bladder, the Mg-dependent exchange rate  reached maximal 

levels over a broad range of pH. On the other hand, in contrast to the 

tu r t le  bladder, the sodium-stimulated exchange rate reached its  peak 

value at a pH of 7.5 microsomes of the ra t brain (5 1 ), and at a pH of

8.0 in microsomes o f the e le c tr ic  organ of eels (4 0 ).

d. Concentration of magnesium. Figure 10 presents two composite 

plots o f values on the rate  of the exchange reaction as a function o f Mg 

concentrations in the presence of Na (lower curve), and in the absence

of Na (upper curve). In both cases (with and without Na), the k in e tic  

pattern o f the exchange rate was that of a M ich ae lis -like  function. At 

low concentrations of Mg (0 .0  to 0.6 mM) there is  no marked sodium- 

induced stim ulation — as has been observed fo r  the e le c tr ic  eel microsomes
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(5 1 ). At high concentrations o f Mg (0 .6  to 3 .0  mM), the presence of Na

resulted in a s ig n ific a n t decrease in the exchange ra te , as has been ob­

served by others (51,61) i n  d iffe re n t tissues.

The aforementioned k in e tic  patterns are consistent with re­

actions 1, 2 , 4, and 5 of the scheme presented in F ig .2. With Mg alone, 

the exchange is mediated through reactions 1 and 2 of the Mg-dependent 

ATPase sequence, and simultaneously through reactions 1 and 4 o f the Na,

K dependent ATPase sequence. With Mg + Na, the exchange is mediated

through the same reactions, but the Na-induced sink fo r E'^vP reduces 

e ffe c tiv e  transphosphorylation o f ADP by the E '^ p .

The Mg-dependent reaction sequence terminates in reaction 3,

3) E<vP— > E + P-j, 

which may or may not require Mg.

e, Concentration of sodium. Figure 11 presents a composite 

p lo t of values on the exchange ra te  as a function of sodium concentrations. 

The increase in  sodium concentration resulted in a marked decrease in the 

Mg-dependent exchange ra te . For example, the exchange rate approached 

zero when the Na concentration was increased to  120mM.

Such a sodium-induced decrease in the exchange ra te  is  

consistent with the data of Figure 10 on exchange a c tiv ity  versus Mg in 

the presence of Na; and is  also consistent with the postulate th a t sodium 

acts mainly on reaction 5 in the model reaction system, and supports the 

contention th a t reaction 5 is a nearly irre v e rs ib le  step.

However, the fa c t th a t Na, at 120 mM, reduced the exchange 

to near-zero levels  — without a simultaneous change in the overall 

hydrolysis suggests: (a) th at in addition to  i ts  e ffec t on EU^p,

sodium changes the in ternal energy state of E-vP such that i t  can no
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longer phosphorylate the ADP, but can continue to degrade into E and ; 

or (b ) th a t reaction 2 was an irre v e rs ib le  step with E-P formation — 

which would imply that a "pure" Mg-dependent, Na-independent exchange 

reaction does not ex is t in the microsomal proteins o f tu r t le  bladder.

f .  Potassium. The e ffe c t of 15 mM K on the exchange rate  was 

examined in 2 experiments on a single batch of microsomal proteins. The 

conditions fo r  incubation and the composition of the reaction mixture 

were the same (except fo r K additions) as has been described herein. The 

mean values of each exchange ra te , expressed as percentages of that ob­

tained with Mg alone (raw value fo r Mg = 15%), were as follows: Mg, 100;

K alone, 3; Mg + K, 100; Mg + Na, 6 8 ; Mg + Na + K, 65. In other words, 

the addition o f K in the presence of Mg and Mg + Na had no detectable 

e ffe c t on the measured exchange rate .

The data on Na + K dependent ATPase and K-induced stripping  

of 32p f^ m  the phosphoprotein (See Tables 2 and 3) are consistent with 

placing the s ite  of the K effects  a t reaction 6 ,

6 )  E ' - P — £ - * ■  E '  +  P i  

This, in tu rn , is p a rtic u la rly  consistent with the lack of any K-induced

e ffec t on the exchange reaction , thus suggesting th a t the rate constant

fo r reaction 6 is less than that of reaction 5.

2. E ffec t of In h ib ito rs  on the Exchange Rate

Table 6 , a summary of results on a single batch of microsomes, 

presents values of re la t iv e  a c tiv ity  o f the exchange rate (columns 1 and 

2) and of the overall hydrolysis (columns 3 and 4) in the presence of 

three in h ib ito rs  under the specified ion ic conditions. Values of the 

exchange rate  are expressed as percentages of the native Mg-dependent 

a c tiv ity ; and those of hydrolysis (ATPase a c t iv i ty ) ,  as percentages of
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Conditions

Exchc

Percent of 
Mg

mge Rate

Mg-dependent 
Mg + Na

ATPase

% of control 
Mg

a c tiv ity

% of control 
Na + K

Native 100 83 t  2 100 100

Ouabain (1X10'3 M) 

pre-treated

145 t  2 132 + 2 105 + 3 4 + 2

NEM (1X10"3M) 
pre-treated

16 t  9 3 1 + 5 92 t  3 55 + 3

oligomycin 
(6 . 8ygm/ml) 111 t  4 96 t  12 90 + 2 50 + 5

Table 6 . Exchange rate and ATPase a c tiv ity  of the native and of the in h ib ito r- 
treated microsomal protein. Exchange rates were normalized with respect to the 
Mg-dependent a c tiv ity  of the protein. ATPase a c tiv itie s  were normalized with 
respect to the Mg-dependent a c tiv ity  of the native protein, or with respect to 
the Na + K-dependent a c tiv ity  of the native protein. Each reaction tube con­
tained: 3 mM MgC^, and when indicated, 85 mM NaCl and 15 mM KC1. Other ion
concentrations and conditions were as described fo r Fig. 4. Na + K ATPase 
a c tiv ity  and exchange rate were determined as described in the Methods section.



the native Mg-dependent or of the native Na + K dependent a c t iv ity . Apart 

from 14 separate determinations on the native microsomes, the mean values 

and standard errors were estimated from the data o f four separate experi­

ments on a single pool o f microsomal p e lle ts , one a liquot of which was 

treated with ouabain, one with NEM and one with oligomycin.

In the native microsomal p e lle t  ( f i r s t  row), the exchange rate  

in the presence of Mg + Na was 83% of th a t in the presence of Mg alone 

(P < 0 .0 0 1 ). The native Mg-dependent exchange ra te  was 12 micromoles/ 

mg protein /hour. Concomitantly, the hydrolytic a c t iv ity  of the same 

p e lle t (ra te  of Pn- re leased), was 10 micromoles/mg prote in /hr w ith Mg, 

and 21 micromoles/mg p ro te in /h r with Mg + Na + K.

In the in h ib ito r-trea ted  aliquots of the same microsomal p e lle t , 

the exchange rate was: (a ) increased in  the presence of ouabain (P < 0.001)

which completely inh ib ited  the Na + K ATPase a c t iv ity ;  (b) decreased in 

the presence of NEM (P < 0 .01) which in h ib ited  45% of the Na + K ATPase 

a c tiv ity ;  and (c) hardly changed in the presence o f oligomycin 

(0.05 < P < 0 .1 ) which in h ib ited  50% of the Na + K ATPase a c t iv ity .

Next we performed a series of experiments on the ADP:ATP exchange 

rate in the in h ib ito r-tre a te d  microsomes as a function of the Mg-concentration.

a. Ouabain. Figure 12 presents two composite plots on values of
-3the rate  o f exchange reaction in ouabain-treated (10 M) microsomes as a

function o f the Mg concentration w ithout Na (upper curve), and with Na

(lower curve).

The maximal rates of exchange observed in  the ouabain-treated

microsomes, 25% with Mg alone and 22% with Mg + Na, were greater than the

corresponding rates (19 and 15% respectively) in the native microsomes.

The ouabain-induced acceleration of the Mg-dependent ADP:ATP exchange 

rate in tu r t le  bladder microsomes contrasted with the lack of change
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Fig. 12. Exchange rate in microsomes pre-treated with ouabain, (10- 3 M). A ll 

ion concentrations and conditions were as described fo r f ig .  1 0 .

The dotted lines are the schematic presentations fo r the Mg-depen­
dent exchange (upper curve) and Mg + Na-dependent exchange (lower 
curve) in the native microsomal protein (see f ig .  10). The geo­
metric centers (mean values, n=4) and the v e rtic a l bars (±SE) are 
the same as described fo r f ig .  9.
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reported fo r the Mg-dependent exchange ra te  in microsomes of the e le c tr ic  

eel {40).

The figure also shows th a t sodium retarded the exchange ra te  

in  the ouabain-treated microsomes over the e n tire  range of Mg concentration  

used (0.1 -  3 .0  mM). In the native microsomes, sodium fa ile d  to re tard  

the exchange ra te  in the presence of low Mg concentrations (0.1 -  0 .6  mM), 

but did re tard  the exchange ra te  at high Mg concentrations' (1 .0  -  3 .0  mM).

Several investigators (6 ,1 4 ,6 2 ,6 3 ), have suggested th a t ^ouabain 

in h ib its  the Na + K ATPase by in te rac tin g  a t the K -s ite  o f the enzyme 

(reaction 6 ) .  Whereas the ouabain-induced acceleration of the exchange 

ra te  in tu r t le  bladder microsomes cannot be explained by the contention 

th a t ouabain acts so le ly  on the K -s ite  (reaction  6 ) o f the enzyme, such 

an observation is consistent w ith the postulate th a t ouabain in teracts  

a t s ite  of reaction 5 e ith e r  so le ly  or in addition to  i ts  in te rac tio n  a t  

the s ite  o f reaction 6 . In h ib it io n  a t the s ite  of reaction 5 would slow 

down the ra te  o f conversion o f EA-»P to E’ -P , thus allow ing a greater 

exchange ra te .

This new postulate on the s ite  of ouabain action is consist­

ent with other observations on the exchange rate and on nding in

the presence o f ouabain. For example, the sodium-induced decrease in  

the exchange ra te  (Figure 8 ) could be due to  some unspecified type of 

in te rac tion  between sodium and ouabain w ith an occupation s ite  on the 

p ro te in ; and the previously reported sodium-induced increase in ^2 p- 

binding (See Tables 2 and 3, Figures 3 ,4  and 5) could be due to  the 

in te rac tion  o f sodium with the protein s ite  involved in  reaction 5 , as 

w ell as to a minor in te ra c tio n  of sodium with the p ro te in  s ite  involved  

in  reaction 4,
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k* NEM. Figure 13 presents two composite plots o f values on the 

ra te  o f the exchange reaction o f NEM-treated (1CT3 M), microsomes as a 

function of Mg concentration, w ithout Na (lower curve) and w ith Na (upper 

curve).

Apparently NEM, a t 10"^ M, caused a large decrease in both 

exchange rates — th a t in presence o f Mg and th a t in  presence o f Mg + Na.

(See also Table 6 ) .  Despite th is  in h ib itio n , the addition o f sodium was 

associated with a small increase in  the exchange ra te  o f the NEM-poisoned 

enzyme system. The results are consistent with the model reaction scheme, 

i f  one postulates th a t NEM blocks the reaction a t s ites  4 and 5.

c. Oligomycin. Table 7 presents mean values ± SE of the catalyzed  

exchange rates in  microsomes trea ted  with progressively increasing concentra­

tions o f oligomycin. The range o f concentration used was s im ila r  to th a t 

used by others in  s im ila r studies on other tissues (4 0 ,5 1 ). The f i r s t  

column denotes the concentration o f oligomycin; the second and th ird  

columns, the values of Mg and Mg + Na dependent exchange rates respective ly .

Increases in  the concentration of oligomycin resulted in l i t t l e  

or no increase in  the exchange ra te . Addition o f Na caused a s lig h t de­

crease in the exchange rate in  the native and in the oligom ycin-treated  

microsomal preparations.

No conclusions were made with respect to  the e f fe c t  o f o lig o ­

mycin on the model scheme presented in the in troduction section , because 

the oligomycin e ffec ts  were l i t t l e  or nothing under the present conditions.

3. Substrate S p e c ific ity

In order to  determine the nucleotide s p e c if ic ity  of the exchange 

ra te , experiments were performed in the presence of equimolar concentrations 

(5mM) o f ITP, CTP, GTP, UTP, instead of ATP. Io n ic  conditions in a l l
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!
Cone.

of
Oligomycin 

ygm/ml.

Exchange

Mg

rate {%)

Mg + Na

0
(Native)

2.4 ± 0.6 1 . 8  ± 0 . 2

1.7 2.9 ± 0.3 2.5 ± 0.8

4.0 2.7 ± 0.5 1 . 6  ± 0.4

6 . 8
. . .

2 . 8  ± 0 . 2 2 . 6  ± 0 . 1

Table 7. Effect of d iffe ren t concentrations of 
oligomycin on the exchange rate in 4 experiments. 
Each tube contained 0.3 mM MgCl2 and when used,
85 mM NaCl. Other ion concentrations and condi­
tions were as described fo r f ig . 4.

The d e fin ition  of exchange rate is as fo r f ig .  7.



reaction vessels were the same as those described in the Methods section —

i .e . *  Mg in one reaction vessel, and Mg + Na in the paired vessel con­

taining another aliquot of the same microsomal p e lle t .

Figure 14 presents, in columnar form, the mean values t  SE from 

four determinations on the same batch of microsomes which had been incubated 

with the designated nucleotide, and ^C-ADP.

The data on nucleotide preference of the Mg-dependent exchange 

rate are s im ila r to those reported in e le c tr ic  eel microsomes (40) and 

ra t brain microsomes (5 1 ). However, the Na-induced decrease in the 

nucleotide exchange rate in tu r t le  bladder microsomes is in sharp con­

tra s t with that of a Na-induced increase in the nucleotide exchange rate  

fo r e le c tr ic  eel microsomes (40) and fo r ra t brain microsomes treated  

with Nal (51 ).

In the presence of Mg alone, the order o f nucleotide preference 

in terms of the exchange rate was: ATP, 17%; GTP, 3.8%; ITP, 3.5%;

UTP, 2.7%; and CTP, 1.8%; which, in terms of percentage of the ATP ra te ,  

becomes ATP, 100; GTP, 22; ITP, 21; UTP, 16; and CTP, 11.

In the presence of Mg + Na, the above order was changed only 

s lig h tly  in th at the preference fo r  GTP and CTP was reversed. This e ffe c t  

on nucleotide preference was accounted fo r by the fact th a t sodium in ­

creased s lig h t ly  the exchange ra te  between CTP and ADP. This small e ffe c t  

of sodium on the ADP:CTP exchange was the exceptional case, in that sodium 

had a retarding e ffe c t on the ra te  of exchange between ADP and a ll o f the 

other nucleotides.
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Flq . 14. Nucleotide s p e c ific ity  of the exchange ra te . Equimolar 
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ATP. Ionic concentrations were 3 mM MgClo and 85 mM 
NaCl when indicated. A ll ion ic concentrations and.con­
ditions were as described fo r Fig. 10.

The geometric centers (mean values, n=4) and the ve rtica l 
bars (-SE)  are the same as described for f ig .  9.
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CHAPTER V

DISCUSSION

A. Microsomal Binding

The formation of intermediary protein complexes by the native and 

ouabain-treated forms of microsomal ATPase from tu r t le  bladders can be 

related to transport phenomena in the in ta c t tissue and to ATPase-activity  

in the isolated microsomal p e lle t . For example, ouabain, a known in h ib i­

to r of Na transport in the in ta c t system and of (Na + K) -ATPase a c tiv ity  

in the microsomes, has a th ree-fo ld  e ffe c t on reactions involving the 

phosphorylated intermediate (a ) I t  blocks the K-induced stripping of 

32P from the protein in the presence of Mg + Na; (b) I t  prolongs the 

time required fo r  reaching the maximal level of 3 2 P -la b e llin g  in the 

presence of Mg + Na ("ouabain -sh ift"); (c ) I t  retards the post-maximal 

rate  o f the K-independent stripping (o f 3 2 P) from the protein . Although 

these effects  (o f ouabain on the phosphoprotein) resembled those usually 

reported fo r other tissues, a fourth e ffe c t (re a lly  the absence o f an 

e ffe c t) is th at the sodium-dependent increment of 3 2 P~labelling of the 

(ouabain-treated) protein was the same as that of the native protein  

during the f i r s t  50 seconds of incubation at 0°C. In short, ouabain 

apparently retards the rate but increases the amount of the (Mg + Na)- 

dependent-phosphorylation, and retards the dephosphorylation--even in 

the absence of K; and as expected from data on ATPase a c t iv ity , i t  does 

not a ffe c t the Mg-dependent phosphorylation or dephosphorylation of the 

microsomal proteins.

The Na-induced decrement o f the Mg-dependent ^ C -la b e llin g  of pro­

te in  incubated with ^C-ATP occurs simultaneously with an increment of 

the Mg-dependent 3 2 p -lab e llin g  o f protein incubated with 3 2 p-ATP. These
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data are taken as a d ire c t demonstration of the formation and breakdown 

of a sodium-sensitive complex between ATP and microsomal pro te in , i . e .  

of the formation of a complex of the form, E-ATP in the in i t ia l  step 

of the Na, K dependent ATPase reaction. A ten ta tive  scheme, consistent 

with the present data on Na-sensitive isotopic la b e llin g  of microsomal 

protein incubated with e ith e r 3 ^p-ATP or with ^C-ATP, would only require  

the s ite  of sodium action to be on reaction 4 { f ig .  1 ). However to be 

consistent with the Na-induced decrement of the Mg-dependent exchange 

ra te , i t  necessitates s h iftin g  the main s ite  of sodium action to reac­

tion 5 as has been discussed in d e ta il when the exchange reaction data 

were introduced in the Results section.

The "sodium-sensitive" E-ATP complex has been demonstrated d ire c tly  

fo r the f i r s t  time by the present experiments (see Tables 2, 3 and 5 ) .

This sodium-sensitive complex has been sought fo r  but not found in guinea 

pig kidney microsomes (37) and in e le c tr ic  organ microsomes (5 0 ). Although 

Heinz and Hoffman did fin d  Mg-dependent ^C-ATP binding in erythrocyte  

ghosts, they made no mention of any e ffe c t of sodium (5 9 ).

The data from tu r t le  bladder microsomes, lik e  those from other 

tissues (6 ,14 ,37 ,40 ,50 ,58 ) are consistent with reactions 5 to 6 in 

f ig . 2 .

The present data, as well as those of others (6 ,1 4 ) , on the e ffec ts  

of ouabain-treated microsomal proteins are in conformity with the a fo re ­

mentioned scheme of equations.

Thus, ouabain blocks the Na + K stimulated hydrolysis of ATP, and
32prevents the K-induced acceleration o f the stripping o f p from micro-

32somal proteins which had been incubated with p-ATP. In the tu r t le  

bladder microsomes, ouabain fa iled  to change the Na-induced increment



o f ^ P -la b e llin g  0f  the protein in the f i r s t  50 seconds o f incubation 

with 32p_Afp a t 0°C. This apparent negative resu lt on the Na-induced 

increment was consistent with that found in  crab microsomes incubated 

with ^P-ATP a t 37°C fo r  more than 40 seconds, but was d iffe re n t from 

th a t in the same crab microsomes incubated fo r  less than 40 seconds (1 4 ), 

and d iffe re n t from th a t found at 0°C in  guinea pigs' kidneys (37) and 

e le c tr ic  organ of the eel (49 ). Despite the absence o f a detectable  

change in the Na-induced la b e llin g  a f te r  50 seconds of incubation 

of ouabain-treated microsomes of tu r t le  bladder, there was a prolonga­

tio n  (ouabain -sh ift) o f the time required (from 60 to 160 seconds) 

to  reach the maximal leve l of la b e llin g .

In the case of binding of l^c-ATP by ouabain-treated microsomes, 

only prelim inary experiments have been conducted thus fa r .  Results 

therefrom, te n ta tive  a t  the best, do suggest that the Na-induced decre­

ment of Mg-dependent ^ C -la b e l ling is  s t i l l  present.

B. Exchange reaction

What can be said on the basis o f the present data on the catalyzed  

exchange ra te  is th a t ADP can be phosphorylated by a high energy phospho- 

protein and th a t th is  reac tion , as well as those o f enzyme substrate 

complexing and overall hydrolysis, is h igh ly  dependent upon the concen­

tra tio n  o f Mg, Na and K in the ionic environment. Whereas the micro­

somal enzyme mixture may have ionic requirements id en tica l to those o f 

the in ta c t transport system, i t  lacks the spatia l o rien ta tio n  which pro­

vides d ire c tio n a lity  fo r  the active transport process.

The reaction model ( f ig .  2) l ik e  any enzyme-substrate reaction  

model, requires that the enzyme be regenerated a f te r  formation o f the 

f in a l reaction product P^, which means th a t the sodium form, E'» is
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converted to the o rig ina l form, E. This p o s s ib ility  can be expressed by 

the revers ib le  reaction ,

E '^ E ,

where the Mg-dependent enzyme is assumed to consist o f two isozymes 

which might ex ist in a paired association throughout the en tire  sequence 

of binding, phosphorylation, and hydrolysis. This notion of paired iso­

zymes, analogous to the R and T forms of the protein in  the Monod-Wyman- 

Changeux model(3 6 ) ,may be used to explain the variations in Mg dependent 

and Na, K-dependent a c tiv it ie s  in microsomal preparations from various 

tissues. For example, the high ra tio  of Na + K/Mg a c t iv ity  in the eel 

microsomes (40) might be ascribed to a high equilibrium  ra tio  of E' to E. 

The concept may be used to explain the separation o f a Mg-dependent,

Na-independent exchange a c tiv ity  in ra t brain microsomes (64) where the 

Na + K dependent moiety can be correlated with a high equilibrium  ra tio  

of E' to E, and the Na-independent moiety, with a low equilibrium  ra tio .

The reaction model scheme ( f ig .  2) is by no means the complete 

mechanistic picture of the Na, K dependent ATPase. Nevertheless, i t  is 

suggestive o f the existence o f ATPase coupling to the carrier-operation  

and ion transport as well as to the energy metabolism of the c e ll .

C. Problems remaining

Problems remaining to be solved include: (a) the fu rther separation

of Mg-dependent from Na + K dependent a c t iv ity ;  (b) the nature of the 

intermediary complexes formed; and (c) the exact ro le  of membrane ATPase 

in active Na transport.

(a) The high proportion of Mg-dependent a c tiv ity  in  hydrolysis and 

binding as well as in transphosphorylation may well be ascribed to the 

presence of a Mg-dependent, sodium-independent protein a c tiv ity  which



may or may not be related  to "transport ATPase" in the tu r t le  bladder. 

Further p u rific a tio n  of the microsomal protein m ixture, such as has been 

attempted by others (64, 65) is  s t i l l  required fo r a more exact bio­

chemical in te rp re ta tio n .

(b) Available data on Na-induced decrements in the exchange rate  

and in the amount of ^C-ATP complex formed are s u ffic ie n t to invoke 

the existence of an E-ATP complex, but are not s u ffic ie n t to describe 

the physical chemical nature of such an association, moreover present 

data are not s u ffic ie n t to determine whether Na acts on the Mg form 

of the enzyme (E) or only on the Na form of the enzyme ( E' ) .  Data on 

phosphoprotein formation and breakdown involve unspecified interactions  

among Na, K, ouabain, and phosphoproteins. The analysis of such in te r ­

actions is currently under scrutiny here and elsewhere.

(c ) The (Na + K )-s e n s itiv ity  of a membrane located ATPase a c t iv ity  

appears analogous to the c a tio n -s e le c tiv ity  of the binding between Na 

and a c a rr ie r  protein during the process of active transport in  the 

physiologically in ta c t system.
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